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ABSTRACT
Platinum-based heterogeneous catalysts are mostly used in various commercial chemical processes because of their high catalytic activity,
influenced by the metal/oxide interaction. To design rational catalysts with high performance, it is crucial to understand the relationship
between the metal–oxide interface and the reaction pathway. Here, we investigate the role of oxygen defect sites in the reaction mechanism for
CO oxidation using Pt nanoparticles supported on mesoporous TiO2 catalysts with oxygen defects. We show an intrinsic correlation between
the catalytic reactivity and the local properties of titania with oxygen defects (i.e., Ti3+ sites). In situ infrared spectroscopy observations of the
Pt/mesoporous TiO2−x catalyst indicate that an oxygen molecule bond can be activated at the perimeter between the Pt and an oxygen vacancy
in TiO2 by neighboring CO molecules on the Pt surface before CO oxidation begins. The proposed reaction pathways for O2 activation at the
Pt/TiO2−x interface based on density functional theory confirm our experimental findings. We suggest that this provides valuable insight into
the intrinsic origin of the metal/support interaction influenced by the presence of oxygen vacancies, which clarifies the pivotal role played by
the support.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5131464., s
I. INTRODUCTION
Catalytic oxidation of CO for Pt-based heterogeneous catalysis
is a crucial reaction with growing practical importance in automo-
tive catalysis and in the removal of CO from H2 streams by pref-
erential CO oxidation. This reaction is also important for under-
standing fundamental heterogeneous catalysis processes that include
structure-sensitivity, active sites, and reaction pathways.1–3 Enor-
mous effort has been devoted to enhancing catalytic behavior by
decreasing the size of nanoparticles (NPs) because of the signifi-
cant role of metal–oxide interfaces in facilitating the catalytic con-
version of adsorbed reaction species. Thus, metal–oxide interfaces
have attracted attention as active sites because of the discovery
of enhanced catalytic activity governed by geometric changes and
charge transfer between the metal particles and the metal oxide sup-
port arising from the strong metal–support interactions (SMSI) sug-
gested by Schwab.4–7 The interfacial synergy of supported catalysts is
generally based on the oxidation state, doping, and reducibility of the
metal oxide support, which influences the catalytic performance.8–11
In oxidation reactions, both the adsorption and activation of
molecular oxygen involved in CO oxidation have received atten-
tion as crucial steps in the catalytic performance of TiO2-based
catalysts.12,13 In particular, the surface properties of TiO2 (e.g.,
surface oxygen vacancies, steps, and interfaces) provide important
characteristics that positively contribute to the catalytic activity of
heterogeneous catalysts, photocatalysts, and gas sensors.14–16 For
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instance, the number of active oxygen species on Au/TiO2 is related
to the number of perimeter sites, signifying that the interfaces play
a dominant role in O2 activation.17 Green and co-workers reported
that O2 bond dissociation is activated by the formation of a CO−−O2
complex at the perimeter of Au NPs surrounded by TiO2 before CO
oxidation occurs.18,19 Furthermore, recent studies suggest that the
role of surface vacancies is significant because of the formation of
oxygen vacancies as dominant defect sites that can facilitate O2 acti-
vation or electronic interaction with metal clusters.20–22 Therefore,
theoretical and experimental characterization clearly demonstrates
the significance of the removal of oxygen (i.e., an oxygen vacancy) in
TiO2, which gives rise to Ti3+ centers that influence surface adsorp-
tion and the reactivity of key adsorbates (e.g., molecular oxygen or
H2O) on TiO2.23–26 O2 molecules dissociate at vacant sites via one O
atom healing the vacancy and another O atom bonding to the neigh-
boring Ti site, as observed using STM.27,28 In addition, H2O dissoci-
ation on TiO2 only takes place at bridging oxygen vacancy sites.24,29
Despite extensive awareness of the crucial role of molecular oxygen
adsorption and dissociation at the oxygen vacancy sites, understand-
ing its involvement in CO oxidation is still in high demand and may
improve or expand the scope of titania-based catalytic systems for
specific applications.
Here, we synthesized a unique crystalline titania structure as
a promising support using mesoporous TiO2 with oxygen defect
sites that was obtained using random-graft amorphous polymers
without any complicated synthesis; Pt NPs were then deposited
on this support via the NaBH4 reduction method.30 We investi-
gated the correlation between the local properties of TiO2 with oxy-
gen defects and its catalytic performance in CO oxidation, which
is based on the results of structural characterization and in situ
infrared spectroscopy studies. The highest catalytic reactivity for the
Pt/mesoporous TiO2−x catalyst is related to the efficient activation of
molecular O2 at the interface between Pt and oxygen vacancy sites
of the mesoporous TiO2−x. Additionally, the ordered pore struc-
ture of the crystalline mesoporous TiO2−x provides a novel method
for enhancing highly dispersed metal NPs as well as sinter-resistant
catalysts created by interfacial contacts, which all lead to improved
catalytic activity. Subsequent density functional theory (DFT) cal-
culations confirmed the close correlation between the CO oxida-
tion performance of Pt/TiO2 and the presence of oxygen vacancies.
DFT-calculated CO oxidation pathways studied on Pt/TiO2 with or
without an oxygen vacancy provided theoretical insights into the
chemical nature of the reaction site at the Pt/TiO2 interface, which
is sensitive to the local electronic structure change caused by an oxy-
gen vacancy. These valuable results provide insight into the nature
of the interaction between Pt NPs and the porous oxide support with
oxygen vacancies and guidance toward rational designs for catalytic
materials.
II. EXPERIMENTAL SECTION
A. Synthesis of Pt/mesoporous TiO2−x and Pt/P25
Solvothermal synthesis of the mesoporous TiO2−x was per-
formed using poly(4-vinylphenol-co-methyl methacrylate) (PVP-
co-PMMA, Sigma-Aldrich) in a dimethylformamide (DMF)
solution. In brief, 0.72 g of PVP-co-PMMA was dissolved in 25 ml of
DMF with magnetic stirring. 0.67 ml of titanium(III) chloride (TiCl3,
Aldrich, 99.9%, TiO2 precursor) was added dropwise to the prepared
solution with vigorous stirring. The solution was heated at 100 ○C for
1 h to completely form phenol−−Ti−−O bonds.31 0.33 ml of deion-
ized water was then added dropwise to this solution, and 3.4 ml
of distilled triethylamine was subsequently added to neutralize the
solution. The mixture was transferred into a Teflon-lined autoclave
and then heated in an oven at 150 ○C for 3 days. The product was col-
lected using centrifugation and dried in a convection oven at 100 ○C.
After calcination in air at 350 ○C, the mesopores were opened by
decomposition of the polymer. A trace amount of the remaining
carbonaceous residue in the sample was completely removed with
ozone flow at 260 ○C for 4 h.30
The NaBH4 reduction process was used to prepare the Pt NPs
deposited on the mesoporous TiO2 support with oxygen defects.32
First, 0.2 g of mesoporous TiO2 with oxygen defects was dissolved
in 500 ml of deionized (DI) water with subsequent vigorous stir-
ring at room temperature for 30 min. Then, 250 ml of a chloropla-
tinic acid hexahydrate (H2Cl6Pt⋅6H2O, Aldrich) solution dissolved
in deionized H2O was stirred and added drop by drop into the pre-
pared mesoporous TiO2−x solution, followed by stirring. After that, a
freshly prepared NaBH4 solution (0.5M dissolved in deionized H2O)
was added dropwise into the mixed solutions of the Pt precursor
and TiO2−x support to reduce the metal precursor and attach the
Pt NPs onto the TiO2−x support. After an additional 24 h of stirring,
the resulting catalyst was filtered and washed with DI water until no
Cl− remained and then dried for 24 h at 80 ○C in an oven. To com-
pare the effectiveness of the mesoporous TiO2−x and Degussa P25
(commercial support), we prepared Pt NPs supported on Degussa
P25 powder with the method adopted from the NaBH4 reduction
method mentioned above. Following several repetitions of the wash-
ing process, weakly adsorbed Pt and other ions were washed off to
ensure strong deposition of the Pt NPs on the mesoporous TiO2−x
and P25 supports.
B. Characterization of Pt NPs deposited
on TiO2 supports
The Pt compositions in the supported Pt catalysts (i.e.,
Pt/mesoporous TiO2−x and Pt/P25) were measured using induc-
tively coupled plasma mass spectroscopy (ICP-MS; Perkin Elmer,
DRC-e model). The surface areas and pore size distributions of
the prepared catalysts were obtained using the Brunauer–Emmett–
Teller (BET) method with the adsorption of N2 at the temperature of
liquid nitrogen. The morphologies and size distributions of the sup-
ported Pt catalysts were performed using TEM operated at an accel-
eration voltage of 300 kV (Tecnai TF30 ST, FEI). Scanning trans-
mission electron microscopy (STEM) images of the Pt/mesoporous
TiO2−x catalysts were obtained using a Titan Double Cs corrected
TEM at an acceleration voltage of 300 kV. Prior to the measure-
ments, the catalysts were well-dispersed in an ethanol solution for
60 min, followed by drop-casting on an amorphous carbon-coated
TEM grid, and then dried for a few minutes. X-ray powder diffrac-
tion (XRD, Rigaku D/MAX-2500 at 40 kV, 300 mA) was used to
analyze the crystal structure. Raman spectra were collected on a
LabRam HR Evolution microscope. The chemical bonding states
of the supported Pt catalysts were further examined using XPS
(K-alpha, Thermo VG Scientific) equipped with an Al Kα X-ray
source (1486.3 eV).
J. Chem. Phys. 151, 234716 (2019); doi: 10.1063/1.5131464 151, 234716-2
Published under license by AIP Publishing
The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp
C. Catalytic oxidation performance of carbon
monoxide
The CO oxidation reaction was conducted with the prepared
Pt supported catalysts in a flow reactor equipped with a gas chro-
matograph (GC; DS science) with a thermal conductivity detector
(TCD) for analyzing the gas mixture. Prior to the reaction, 50 mg
of the catalyst was loaded in a quartz tube followed by reduction at
250 ○C under H2 flow (5% H2 balanced with He, 45 ml/min) for
30 min and then cooled to room temperature. The reactant mix-
ture consisted of 4% CO and 10% O2 balanced with He. The total
gas flow rate was kept at 50 ml/min using mass flow controllers
(MFC, BROOKS Instrument). The gas hourly space velocity of the
reaction (GHSV) was 30 000/h. The reaction was performed from
30 to 210 ○C, and the temperature was increased 5 ○C/10 min, while
consecutively monitoring the reactant and product concentrations.
The CO oxidation reaction continued until the CO was completely
converted to CO2.
D. DRIFTS experiments
The in situ infrared (IR) measurements were performed on an
Agilent Carry 660 spectrometer equipped with integrated diffuse
reflectance optics (Harrick), a l-N2 cooled mercury cadmium tel-
luride (MCT) detector, and a ZnSe window integrated reactor cell
made of stainless steel. All the spectra were recorded using 32 scans
and a resolution of 4 cm−1. The IR reactor cell was connected to
a heater to vary the temperature. Different mixtures of gases were
introduced into the IR reactor cell, and the flow rates were controlled
by MFC. All prepared samples were mechanically pressed into a
cleanly prepared stainless-steel mesh to prevent potential contam-
ination exposure in the reactor cell. Before the measurements, the
catalyst was pretreated with 100 SCCM of 5% H2/He at 250 ○C for
1 h and then cooled to room temperature (27 ○C) in He.
All the prepared catalysts were monitored using diffuse
reflectance infrared fourier transform spectroscopy (DRIFTS) and
a quadruple mass spectrometer (QMS). For the CO oxidation reac-
tion, the gas mixture (1% CO/4% O2/He, 50 ml/min) was simulta-
neously introduced into the reactor cell for 30 min to ensure steady-
state reactivity. A reference spectrum taken through the catalysts
in the He gas environment was subtracted from every spectrum
recorded for the samples under the CO oxidation conditions. The
spectral results were converted using the Kubelka–Munk function.
E. Density functional theory calculations
A diagonal 3 × 4 slab (surface vectors of [1 −1 −1] and [0 1 0])
with three layers of TiO2 was used to describe the anatase TiO2(101)
surface.33 An fcc-type Pt9 NP was deposited on TiO2(101) and ini-
tially optimized. The bottom TiO2 layer was fixed during all calcu-
lations. The preoptimized Pt9/TiO2 models were applied to the sub-
sequent DFT-molecular dynamics (DFT-MD) simulation to obtain
an initial Pt/TiO2 structure for the DFT-based catalytic performance
analysis. A DFT-MD simulation was performed at 1000 K for 1.5 ps
of the total production time with a 1 fs of the time step. This model
with a Pt9 NP on stoichiometric TiO2(101) [i.e., Pt9/TiO2(101)]
stands in for the experimentally synthesized Pt/P25. To describe
the atomic structure of the reaction sites of Pt/TiO2−x, an oxygen
vacancy was formed at the interface between the Pt9 and TiO2(101)
[i.e., Pt9/TiO2−x(101)] (see Fig. S1 of the supplementary material).
We performed spin-polarized DFT calculations using a plane-
wave basis with the Vienna ab initio simulation package (VASP)
code.34,35 The exchange-correlation potential was functionalized by
the PW91 scheme.36 To appropriately treat the localized Ti d-
orbitals, DFT+U37 with Ueff = 4.5 eV was applied to the Ti ions.38
The interaction between the ionic core and the valence electrons was
described by the projector augmented wave method, and the valence
FIG. 1. HRTEM images, Pt nanoparti-
cle size distribution histograms, and the
exposed facets of the Pt and TiO2 in
corresponding TEM images for the (a)
Pt/mesoporous TiO2−x and (b) Pt/P25
catalysts.
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electrons were treated on a plane wave basis up to an energy cutoff of
400 eV. The Brillouin zone was sampled at the Γ-point. The conver-
gence criteria for the electronic structure and geometry were 10−3 eV
and 0.03 eV/Å, respectively. We used the Gaussian smearing method
with a finite temperature width of 0.2 eV to improve the convergence
of states near the Fermi level. The location and energy of the tran-
sition states (TSs) were calculated using the climbing-image nudged
elastic band method.39,40
III. RESULTS AND DISCUSSION
A. Structural characterization of supported Pt
catalysts
All the supported Pt catalysts were investigated using TEM
(Fig. 1), which displays the Pt NPs loaded on crystalline mesoporous
TiO2−x and P25 supports; the Pt NPs were uniformly deposited on
the different structures of the oxide supports. The mean diameter of
the Pt NPs for the prepared catalysts is quite narrow at 2 nm from
the size distribution histograms. High-resolution (HR) TEM images
can easily resolve the crystal lattice of both the TiO2−x and Pt NPs;
this allows for confirmation of the sample morphology [Fig. 1(a)].
To clearly recognize the nanostructures, we obtained high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images and corresponding energy dispersive
X-ray spectroscopy (EDS) phase mappings (Fig. S2). The pore size
distribution derived from the adsorption isotherm indicated a sharp
distribution centered at a diameter of 3.5 nm (Fig. S3). Further-
more, the Pt compositions were 0.7 and 1.0 wt. % for Pt/TiO2−x
and Pt/P25, respectively (Table S1). The surface area of the pre-
pared Pt catalysts using the TiO2−x support examined by the BET
method is quite high compared with other normal oxides, including
P25 (Table S1).41 The structural information for the as-synthesized
Pt catalysts is shown in the X-ray diffraction patterns in Fig. 2(a),
implying that all the diffraction peaks can be indexed to the anatase
phase of TiO2, the crystalline TiO2−x, and the mixed rutile and
anatase phases of P25.42 After depositing the Pt on the oxide sup-
ports, there are no diffraction peaks for Pt-containing crystal phases
because the Pt NPs are highly dispersed on the surface of the TiO2
with a small particle size (typically <5 nm), which cannot be detected
by Bragg diffraction.43 As shown in Fig. 2(b), Raman spectra were
measured to explore the crystal structure and surface compositions
of the Pt/TiO2−x and Pt/P25 catalysts. The five Raman-active modes
of the anatase phase, with frequencies at 144 (Eg), 197 (Eg), 396
(B1g), 514 (A1g), and 636 cm−1 (Eg), were consistent with the char-
acteristic peaks of the anatase TiO2 phase; they were confirmed
using XRD analysis.44 Compared with the Pt/P25 catalyst, the two
Eg modes for the Pt/TiO2−x are blue shifted by 5 and 4 cm−1,
respectively, which is attributed to atomic rearrangement because of
the defective TiO2−x layer.45 Moreover, the XPS spectra for the Ti 2p
FIG. 2. (a) XRD patterns, (b) Raman spectra, (c) XPS spec-
tra of Ti 2p, and (d) of O 1s for the Pt/TiO2−x and Pt/P25
catalysts.
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FIG. 3. Comparison of the temperature-dependent CO con-
version on (a) Pt NPs supported on different oxides (TiO2−x
and P25) and the corresponding bare oxides. (b) Arrhenius
plot of the TOF of the corresponding Pt/TiO2 catalysts.
and O 1s regions of these samples are indicated in Figs. 2(c) and 2(d).
The XPS spectra were deconvoluted into the individual components.
For the Pt/P25 catalyst, the Ti4+ 2p1/2 and Ti4+ 2p3/2 are located
at 463.9 and 458.2 eV, respectively [Fig. 2(c)]. However, there are
two additional fitting peaks for Ti3+ at 463.4 and 457.7 eV for the
Pt/TiO2−x catalyst, signifying that the existence of the Ti3+ state is
related to the stoichiometry deficiency of the oxide.46 The binding
energies of Ti4+ 2p3/2 and Ti3+ 2p3/2 for the supported Pt catalysts are
listed in Table S2. The O 1s spectra were acquired for the Pt/TiO2−x
and Pt/P25 samples [Fig. 2(d)], and the main peak is for the O−−Ti
bonds. The atomic ratios were determined on the basis of the O 1s
spectrum (Table S2). In Pt/TiO2−x, the OTi2O3 atomic ratio is higher
and the OO−−Ti atomic ratio is lower than the corresponding val-
ues in Pt/P25. All the results of the structural characterization of the
Pt/TiO2−x catalyst suggest the formation of oxygen-deficient anatase
TiO2 compared with P25. One plausible mechanism for the forma-
tion of oxygen vacancies is that negatively charged −C=O bonds
in PVP-co-PMMA prefer to bind to positively charged and unsat-
urated Ti4+ ions during the nucleation process to reduce surface
energy. The PVP-co-PMMA hinders Ti4+ from binding to oxygen,
which could lead to the generation of abundant oxygen vacancies
during the calcination process.47,48 Therefore, the oxygen vacan-
cies may be expected to play an important role in the oxidation
reactions.
B. Catalytic reaction performance
The CO oxidation reaction was performed in a flow reactor
at atmospheric pressure on pure titania-based supports (i.e., meso-
porous TiO2−x and P25), as well as with the Pt NPs deposited
on their oxides at temperatures between 30 and 210 ○C, follow-
ing reductive pretreatment to identify the intrinsic origin of the
metal–support interfaces dependent on the different local
morphologies and surface compositions of the TiO2 supports
(Fig. 3). The CO conversion was attained for different TiO2 sup-
ports [Fig. 3(a)], which shows that the observed catalytic activ-
ities for the supported Pt catalysts are considerably higher than
for the bare TiO2 supports (i.e., mesoporous TiO2−x and P25). It
was reported that the metal–oxide interface provides reactive cat-
alytic sites with enhanced activity by depositing Pt NPs on TiO2
supports.49 Residual surface Cl on the supported Pt catalysts was
excluded as the main cause of the difference in activities (Fig. S4).
The higher activity for CO oxidation on the Pt/mesoporous TiO2−x
than on Pt/P25 suggests that the novel mesoporous structure is an
effective support because of its many unique physicochemical prop-
erties (e.g., high surface area, high metal dispersion, outstanding
thermal stability, and uniform pore size) compared with nonporous
oxides.8,50–52 Highly crystalline mesoporous oxides provide a high
proportion of active interface sites and facilitate the adsorption and
diffusion of reactant molecules compared with bulk oxides.53 More-
over, the presence of oxygen vacancies for the unique TiO2−x struc-
ture (Fig. 2) may influence and boost the catalytic performance for
CO oxidation.
The corresponding Arrhenius plots of the TOFs on the TiO2-
based catalysts with deposited Pt NPs are shown in Fig. 3(b). The
apparent activation energies extracted from the slopes of the curve
were calculated to be 15.66 and 19.28 kcal/mol for Pt/TiO2−x and
Pt/P25, respectively (Table I). It is therefore of interest to understand
how differences in the local structure of the TiO2 support, as well as
the active interface sites between the Pt and oxygen vacancies in the
TiO2, may influence the catalytic activity for CO oxidation. There-
fore, the rational design of supported noble-metal catalysts could
maximize the dispersion of the active sites of the noble metals, thus
improving the catalytic activity by using porous oxide supports. A
TABLE I. Results of ICP, BET, and CO oxidation for Pt/TiO2−x and Pt/P25 catalysts.
Metal BET Metal surface Activation
composition surface area area per metal energy
Sample (wt. %) (m2/g) weight (m2/gpt) T100 (○C) (kcal/mol)
Pt/TiO2−x 0.7 230.0 0.496 120 15.66
Pt/P25 1.0 56.8 0.206 195 19.28
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plot of the Pt 4f peaks of Pt/TiO2−x and Pt/P25 before and after the
CO oxidation reaction reveals that the value of Pt 4f after CO oxi-
dation is slightly shifted to a higher binding energy (Fig. S5). The
chemical shift of the Pt 4f peak reveals higher oxidation states, which
refer to the formation of Pt oxide and show that molecular oxygen
can be activated on supported Pt catalysts.
It is generally understood that the structure phase affects cat-
alytic reactivity. As shown in Fig. 2(a), P25 is composed of a mix-
ture of anatase and rutile structures, whereas mesoporous titania is
mainly composed of the anatase phase. However, we can rule out
that the difference in the crystal structure could influence the cat-
alytic reactivity from results in the literature.54 Di et al. prepared
Au/P25 and Au/TiO2, which consist of anatase only, and they com-
pared the catalytic reactivity by CO oxidation reaction. Although
100% conversion was achieved above 60 ○C with both catalysts, the
Au/TiO2 (anatase) catalyst showed lower catalytic reactivity at lower
temperatures. Therefore, we can exclude the crystal structure effect
on catalytic reactivity.
C. In situ DRIFTS studies
To further understand the observed behaviors underlying the
enhancement of the catalytic activity for Pt/TiO2−x, in situ charac-
terization using DRIFTS was conducted under catalytically relevant
reaction conditions. Identification of the intermediates using vibra-
tional spectroscopy methods with CO was indispensable because
IR techniques provide a sample-averaged quantitative measure of
many relevant properties (e.g., local structure, oxidation state, and
coordination environment).43,44
Contour maps of the supported Pt catalysts visualize an intrigu-
ing observation of the IR bands that corresponds to CO adsorp-
tion on the Pt NPs and evolution of CO2 molecules under CO
oxidation conditions (Fig. 4). The linear CO adsorbed on Pt2+ (oxi-
dized cationic Pt; 2107 cm−1) and on Ptδ+ and Pt0 sites (2081–
2054 cm−1) was distinctly observed, which is similar to the previous
reports.55,56 The Kubelka-Munk (KM) absorbance units are related
to the proportional adsorbate surface concentration when account-
ing for strongly absorbing surface species.57 The CO stretching
bands of the Pt/P25 catalyst give sharper infrared bands at higher
frequencies than Pt/TiO2−x, which is consistent with the tendency of
NPs to sinter during reaction compared with Pt NPs supported on
mesoporous TiO2−x (Fig. S6). This propensity reflects the combined
effects of M–C strength and the alignment of the CO dipoles on
the well-coordinated atoms prevalent in larger clusters, as reported
in previous studies.58,59 The IR peak of the adsorbed CO on the Pt
surface (Ptδ+ and Pt0) is also shifted to a higher frequency depend-
ing on the oxidation state of the Pt NPs, which is caused by the
reduced back-donation effect that originates from the difference in
a small quantity of d-electrons for the adsorbate-induced Pt sites
compared with the metallic Pt surface.60 This is in agreement with
the presence of a more oxidized Pt surface for Pt/P25 catalysts, as
seen in the XPS results (Fig. S5). However, CO adsorbed on a TiO2
surface was not observed (at ∼27 ○C), which corresponds well with
previous reports of weak CO chemisorption on the TiO2 surface
above 25 K.61
IR spectroscopy observations at specific temperatures of the
Pt/mesoporous TiO2−x and Pt/P25 catalysts are shown in Fig. 5. The
experimental spectra for all the CO bonding to the Pt sites were fit-
ted with Gaussian peaks to observe any variation of their relative
amounts, which are attributed to linearly adsorbed CO on Pt2+ (oxy-
gen on Pt), Ptδ+ (oxygen on neighboring Pt), and Pt0 sites.62–65 In
general, the CO-induced restructuring of Pt NPs supported on irre-
ducible oxides (e.g., SiO2 and Al2O3) under CO oxidation reaction
conditions comes from an increase in the stretching frequency, as
the CO is bound to undercoordinated Pt sites at 2080–2098 cm−1.66
However, in the Pt/TiO2−x catalyst, the spectral peak at 2107 cm−1
(referring to oxidative Pt) emerges abruptly at 126 ○C, as shown in
Fig. 5(a). The observed higher wavenumber is not associated with
the increased NP size governed by a decrease in the amount of π-
back-donation into the C≡≡O, as reported in the literature.67 The
Pt/mesoporous TiO2−x catalyst with thermal stability exhibited a
higher reaction rate than that of the Pt/P25 catalyst, while preserv-
ing high immobilization stability of the Pt NPs during the reac-
tion process (Fig. S6). This demonstrates that the Pt atom may be
placed on an oxygen vacancy generated on the reduced TiO2 surface
caused by the reductive pretreatment.68 The strong metal–support
interaction suppresses the metal sintering reported by Farmer
and Campbell.69
The significant spectral evidence for the emergence of a new
intense peak at 2107 cm−1 was attributed to the higher amount of
O in the vicinity of Pt, leading to a lower electron density caused
by reduced back-donation from the Pt site to the antibonding
FIG. 4. In situ DRIFT spectra measured on the supported Pt
catalysts. A narrower spectral range is presented as a 2D
contour map for the (a) Pt/TiO2−x catalyst and (b) Pt/P25
catalyst under a flow of 1% CO/4% O2/He at elevated tem-
peratures. All the catalysts were reduced at 250 ○C in H2
prior to CO oxidation. Spectra plotted in arbitrary units of
KM absorbance.
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FIG. 5. IR spectroscopy observations of the site-specific sig-
natures of CO adsorbed onto different Pt sites (i.e., PtO,
Ptδ+, and Pt0) and the produced CO2 with DFT-calculated
stretch frequencies of the adsorbed CO and CO2 molecules
for the (a) initiation and (b) activation of CO oxidation on
the Pt/mesoporous TiO2−x catalyst as a function of tem-
perature. The numbers in the parentheses present the
DFT-calculated IR frequencies.
molecular orbital of CO [Fig. 5(a)]. First, there is the possibility
that molecular oxygen can simultaneously adsorb to both the oxy-
gen vacancy sites of the TiO2−x (Fig. 2) and the Pt surface adjacent
to the perimeter. Yates et al. reported that molecular oxygen can
adsorb on a defective TiO2 surface because O2 does not adsorb on
a TiO2 surface unless surface oxygen vacancies are present.70,71 The
previously adsorbed CO molecule on the Pt surface then induces
the dissociation or activation of the molecular oxygen adsorbed on
the interface between the Pt surface and the defective TiO2. Thus,
the peak at 2342 cm−1, which is the characteristic for physisorbed
CO2 on TiO2, forms as a result of the CO oxidation reaction and
the associated CO spillover from the Pt surface to O2 adsorbed
at the interface.72–74 Interestingly, the coexistence of PtO species
(2107 cm−1) can demonstrate chemisorbed oxygen on the Pt surface
that originates from a dissociated O atom at the interface between
the Pt and the oxygen vacancy sites of the mesoporous TiO2−x. It is
well known that CO oxidation occurs via CO assisting in the dis-
sociation of O2 to form reactive O∗−−O−−C∗=O intermediates that
decompose both chemisorbed oxygen and CO2.58 We note that the
coexistence of PtO species is correlated with the oxidized Pt surface
of the Pt nanoparticles caused by CO-assisted oxygen dissociation,
which is not related to a single Pt atom, because the Pt nanopar-
ticles were confirmed by HAADF-STEM (Fig. S2).75 In addition,
after the CO oxidation reaction, the oxidation states of Pt 4f for
the Pt/TiO2−x show the existence of Pt4+ species, indicating that
molecular oxygen can be activated or dissociated at the interfacial
sites (Fig. S5).
These spectral observations of the PtO species also indicate
that the CO oxidation reaction occurs as a function of temperature
because the Pt cations, as supported metal cations, cause weakened
Pt−−CO bonds and CO desorption, thus improving the catalytic
activity originating from Pt sites without strongly adsorbed CO.76
At higher temperatures (i.e., above 151 ○C), the IR peaks of the lin-
ear CO adsorbed on the Pt surface (i.e., Ptδ+ and Pt0)—including
CO adsorbed on Pt2+ species—steadily decreased [Fig. 5(b)]. The
decrease in the linear CO stretching peaks can be explained by
the chemisorbed oxygen (from CO-assisted O2 dissociation) on Pt
adjacent to the interface reacting with a neighboring CO molecule
on the Pt surface, which is the activation step for CO oxidation.77
Thus, the formation of an activated platinum–oxygen complex on
the mesoporous TiO2−x support at high temperature contributes to
the high catalytic activity. To explain the CO oxidation rates, the
gas-phase CO2 product (as observed by the doublet peak at 2300–
2380 cm−1) on the Pt/TiO2−x for CO oxidation was calculated by
integrating the absorbance of the CO2 in the IR spectra and moni-
tored by QMS as a function of temperature (Fig. S7). It appears that
the CO oxidation activity and the IR area of the CO2 peak increase
simultaneously. An Arrhenius analysis of the rate of CO2 formation
on the Pt/TiO2−x from the QMS data yields an apparent activation
energy of 15.58 kcal/mol, which agrees with the results from the CO
oxidation reaction in the flow reactor system. A definitive correla-
tion between the sample-averaged quantitative measurement of CO-
assisted O2 dissociation by infrared spectroscopy and the reaction
rate strongly demonstrates that the activation of molecular oxygen
is dependent on the interface between the Pt surface and an oxygen
vacancy site in the TiO2−x support. Molecular oxygen adsorption
and dissociation over supported catalysts using a TiO2 support are
generally considered a key step in CO oxidation because only a TiO2
support cannot activate O2.19 Recently, theoretical results of CO oxi-
dation on Au/TiO2 have showed that O2 can be easily activated at
the interface boundary, leading to an oxidized interface.78 The num-
ber of reactive oxygen species generally present on the metal/support
interface is linearly related to the number of perimeter sites at the
metal–support interface, showing that the interface plays a domi-
nant role in O2 activation.79 There are also extensive studies showing
that the oxygen lattice on reducible oxides (e.g., TiO2 and CeO2)
can participate in the reaction via the Mars–van Krevelen (M–vK)
mechanism.80–83 Nonetheless, the mechanisms for CO oxidation on
supported catalysts and for oxygen adsorption and activation remain
controversial.
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For comparison, we performed DRIFTS investigations of the
prepared Pt/P25 catalyst under the same conditions (Fig. S8). For
Pt/P25, the IR absorption of linear CO adsorbed on the Pt surface
was also detected as a function of temperature, along with the pro-
duction of CO2 gas molecules. However, the intriguing features [i.e.,
CO-Pt2+ and CO2(a)-TiO2] of the Pt/TiO2−x catalyst are absent, and
the reaction temperature is higher than that for the Pt/TiO2−x cat-
alyst. Additionally, the activation energy for the Pt/P25 catalyst is
20.45 kcal/mol (calculated from the QMS results while simultane-
ously measuring IR), which is higher than the activation energy for
the Pt/TiO2−x catalyst. These results clearly reveal the importance of
the existence of Ti3+ sites (or oxygen vacancies) for the CO oxidation
reaction; thus, the enhancement of the adsorption and activation
of oxygen molecules causes higher catalytic reactivity. Moreover,
the ordered mesoporous structures of the transition metal supports
(i.e., the unique mesoporous TiO2−x structure) offer greater inter-
nal and external surfaces for effective Pt NP dispersion, generating
a larger oxide–metal interface.8 Therefore, molecular oxygen can
be effectively activated by diffusion of the CO species at the larger
oxide–metal interface sites, which promotes catalytic activity. The
O2 activation phenomena that take place at the interface between
the Pt and defective TiO2 sites by CO spillover were probed with
in situ IR spectroscopy, which allows us to believe that the use
of mesoporous TiO2 with oxygen vacancies enhanced the catalytic
properties.
D. DFT-calculated CO oxidation pathways
by Pt/TiO2(101) and Pt/TiO2−x(101)
To provide a theoretical interpretation of the key experimen-
tal observations of the improved CO oxidation properties of the
Pt/mesoporous TiO2−x, we constructed the CO oxidation pathways
catalyzed by Pt9/TiO2(101) and Pt9/TiO2−x(101), which represent
Pt/P25 and Pt/TiO2−x, respectively. Based on our experimental find-
ings, an oxygen vacancy was located at the Pt-TiO2 interface of
the Pt9/TiO2(101) to generate the Pt9/TiO2−x(101) model. This oxy-
gen vacancy significantly strengthened Pt-TiO2 adhesion by increas-
ing the electronic interaction between the Pt NPs and the excess
electrons localized at the oxygen vacancy in the TiO2 (Fig. S1).
This strengthening effect may lead to the experimentally observed
enhanced thermal stability of the Pt NPs supported on the defec-
tive TiO2 structure (Figs. 1 and S6). In our recent consecutive DFT
studies of CO oxidation by Au NPs supported on CeO280,84 and
Pt-Cu bimetallic NPs,85 we applied the CO-covered NP models to
more precisely describe the catalyst surface under CO oxidation
conditions. To find the energetically available CO and O2 cover-
age of our Pt/TiO2 models, we calculated the sequential CO binding
energy of the Pt NP of Pt9/TiO2(101) and found that the Pt9 NP
of Pt9/TiO2(101) prefers to bind up to 8 CO molecules and a final
O2 molecule (Fig. S9a). The energetic trend of sequential compet-
itive CO and O2 binding on Pt9/TiO2(101) shows that the Ebind
values for the first 8 CO molecules (≥−1.19 eV) are stronger than
the Ebind of a single O2 molecule (−0.89 eV) on bare Pt9, meaning
that a large portion of the surface of the Pt NPs supported on TiO2
will be covered by CO (Fig. S9a). However, an interesting inver-
sion was observed in the energetics of the last binding molecules,
as the Ebind of O2 (−2.15 eV) exceeds the Ebind of the 9th bind-
ing CO molecule (−1.22 eV) (Figs. S9a and S9b). This inversion,
the occupation of the last binding site by O2 rather than CO, was
concurrently found in the Pt9/TiO2(101) (Figs. S9b and S9c) and
Pt9/TiO2−x(101) (Figs. S9d and S9e) models. The last binding O2
molecule on Pt9/TiO2(101) was bound to the Pt-TiO2 interface,
bridging the Ti ion and the interfacial Pt atom. On the other hand,
the last-bound O2 molecule on Pt9/TiO2−x(101) healed the oxygen
vacancy at the Pt-TiO2 interface. The excessively elongated O−−O
bond of the O2 in Pt9/TiO2−x(101) (1.484 Å) shows that this O2
molecule is electronically enriched and can therefore be relatively
easily utilized for CO oxidation (Fig. S9e).
From our experimental observations of the catalytic activity
of Pt NPs supported on mesoporous TiO2−x, we identified the
FIG. 6. DFT-constructed CO oxidation
pathways catalyzed by Pt/TiO2−x with
eight adsorbed CO and one adsorbed
oxygen molecule (state 0, S0) show
that CO2 desorption occurs at the Pt9-
TiO2−x(101) interface (black line) or on
the TiO2(101) surface (blue line). ∆En
represents the reaction energy calcu-
lated by comparing the absolute ener-
gies of stage n and stage n − 1. Eb
denotes the activation energy barrier.
The comparable ∆E2 and ∆E′2 values
predict that direct CO2 desorption (black
line) or CO2 diffusion to an adjacent Ti
ion (blue line) are possible.
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interface between Pt and TiO2−x as a reactive site for catalytic
CO oxidation. The overall CO oxidation pathway catalyzed by
Pt9/TiO2−x(101) presented (Fig. 6) shows that the interface-bound
O2 molecule indeed oxidizes an adjacent Pt-bound CO molecule.
The O2 molecule at the Pt-TiO2−x(101) interface was easily disso-
ciated by an adjacent CO molecule, presenting the reaction through
CO-assisted O2 dissociation. Two kinds of CO2 production path-
ways (from S1 to S3, Fig. 6)—direct desorption of CO2 from Pt NPs
(black-colored pathway, ΔE′n) and CO2 diffusion from the Pt NPs
to the TiO2 and subsequent desorption (dark blue-colored path-
way, ΔEn)—were energetically available with almost identical energy
barriers of 0.94 eV (direct CO2 desorption from Pt) and 0.91 eV
(two-step diffusion–desorption process). The DFT-calculated CO2
stretch frequency of the CO2 adsorbed on the TiO2−x(101) (stage S2,
Fig. 6) was 2333 cm−1, which is equivalent to the experimental fre-
quency of CO2(a)-TiO2 at 2342 cm−1 [Fig. 5(a)]. The blue shifted
experimental CO stretch frequency observed at 2104 cm−1 assigned
to PtO-bound CO molecules was also reproduced with the Pt-bound
CO molecules (2148 cm−1), which are adjacent to the Pt-TiO2−x
interface-bound O2 molecule. The experimental IR peak centered at
2074 cm−1, for Pt-bound linear CO molecules, was reproduced by
the DFT calculations [2067 cm−1, Fig. 5(b)]. The DFT-constructed
reaction pathways and the IR frequencies confirm our experimental
findings of vacancy-assisted CO oxidation at the Pt-TiO2−x interface.
On the other hand, we found that the three different O2 activation
pathways examined on Pt9/TiO2(101) are highly thermodynami-
cally uphill (M-vK type of CO oxidation, black-colored pathways,
Fig. S10) or kinetically slow. The high activation energy barriers of
CO-assisted O2 dissociation (1.32 eV) and direct O2 dissociation
(1.47 eV) presented (Fig. S10) predict that the activation of the O2
molecule adsorbed at the Pt-TiO2(101) interface slows without an
oxygen vacancy. Although our DFT-calculated CO oxidation path-
way shows that the initially formed oxygen vacancy at the Pt9-TiO2-x
interface was healed upon O2 adsorption and CO oxidation (Fig. 6),
we believe that oxygen vacancies will be dynamically and sponta-
neously formed at the Pt-mesoporous TiO2-x interfaces under real
CO oxidation conditions because of the low coordination of the
surface Ti ions of the mesoporous TiO2-x.
IV. CONCLUSIONS
We have established a correlation between the metal/support
interaction and catalytic activity of Pt NPs supported on a meso-
porous TiO2−x structure for CO oxidation probed with in situ inves-
tigations employing the DRIFTS technique. The Pt NPs deposited
on TiO2−x catalysts for CO oxidation have an enhanced catalytic
activity compared with pure TiO2−x, showing the important roles
of the metal/support interface and oxygen vacancies in the support.
Among the supported Pt catalysts, the use of TiO2−x as a support
material is efficient compared with nonporous oxides because its
structure promotes interfacial sites and affects the metal/support
interaction without any sintering effects. The linear CO band of Pt2+
and CO2 adsorbed on the TiO2 surface indicates that the activated
oxygen molecule at the interface between the Pt surface and an oxy-
gen vacancy of TiO2 by neighboring CO molecules on the Pt surface
affects the catalytic activity, which is in agreement with the DFT cal-
culation results. Our DFT study of the origin of the experimentally
observed catalytic superiority of the Pt/mesoporous TiO2−x catalyst
shows that the modified local electronic structure created by oxygen
vacancies promotes O2 activation and accelerates subsequent CO
oxidation. The tight correlation between our experimental obser-
vations and DFT calculation results suggests the essential role of
intensive modification of the chemical or physical nature of support-
ing oxides for the rational design of better performing catalysts. Our
approach provides insight into the intrinsic origin of metal/support
interactions and reaction pathways for CO oxidation on Pt-based
supported catalysts and allows us to rationally design catalysts for
specific applications.
SUPPLEMENTARY MATERIAL
See the supplementary material for details on DFT calcula-
tions of Pt/TiO2(101) and Pt/TiO2−x(101), HAADF-STEM image
and EDS phase mapping of Pt/TiO2−x, pore-size distribution of
Pt/TiO2−x, XPS analysis of the Ti 2p, Cl 2p, and Pt 4f, TEM
images of Pt/TiO2−x and Pt/P25 after the CO oxidation reaction,
QMS results, IR of Pt/P25 under CO oxidation, DFT-calculated
energetics of the sequential competitive binding of CO and O2
on Pt/TiO2(101), and DFT calculations of CO oxidation pathways
catalyzed by Pt/TiO2(101).
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